A B S T R A C T
Background. Vitamin K (VK)-dependent c-glutamate carboxylation and serine phosphorylation activate matrix Gla protein (MGP) to a potent locally acting inhibitor of calcification. Nephrolithiasis represents a process of unwanted calcification associated with substantial mortality and high recurrence rates. We hypothesized that the risk of nephrolithiasis increases with VK shortage, as exemplified by higher plasma levels of desphospho-uncarboxylated MGP (dp-ucMGP). Methods. In 1748 randomly recruited Flemish individuals (51.1% women; mean age 46.8 years), we determined dpucMGP and the prevalence of nephrolithiasis at baseline (April 1996 -February 2015 and its incidence during followup until March 2016. We estimated the multivariableadjusted relative risk associated with the doubling of dpucMGP, using logistic or Cox regression. We did a Mendelian randomization analysis using four MGP genotypes as instrumental variables. Results. With adjustments applied for sex, age and 24-h urinary volume and calcium excretion, the odds of having prevalent nephrolithiasis [n ¼ 144 (8.2%)] associated with dp-ucMGP was 1.31 [95% confidence interval (CI) 1.04-1.64; P ¼ 0.022]. dpucMGP levels were associated (P 0.001) with MGP variants rs2098435, rs4236 and rs2430692. In the Mendelian analysis, the causal odds ratio was 3.82 (95% CI 1.15-12.7; P ¼ 0.029). The incidence of nephrolithiasis over 12.0 years (median) was 37 cases (0.2%). With similar adjustments as before, the hazard ratio in relation to dp-ucMGP was 2.48 (95% CI 1.71-3.61; P < 0.001). Additional adjustment for a nephrolithiasis propensity score produced consistent results. Conclusion. Higher levels of inactive dp-ucMGP may be causally associated with the risk of nephrolithiasis. Whether or not VK deficiency plays a role in these observations remains to be firmly established.
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I N T R O D U C T I O N
Vascular smooth muscle cells and the endothelium synthesize matrix Gla protein (MGP), a small secretory protein (11 kDa) that contains five c-carboxyglutamate (Gla) amino-acid residues [1] . Activation of MGP requires two post-translational modifications: vitamin K (VK)-dependent c-glutamate carboxylation and serine phosphorylation [1] . Once activated, MGP is a potent inhibitor of vascular calcification [1] . form, desphospho-uncarboxylated MGP (dp-ucMGP), reflects poor VK status [1] . In the Flemish Study on Environment, Genes and Health Outcomes (FLEMENGHO), plasma dpucMGP predicted total and cardiovascular mortality [2] . In a multi-ethnic study, including Flemish people and white and black South Africans, estimated glomerular filtration was inversely correlated with dp-ucMGP, thereby extending the protective role of activated MGP from the macrocirculation to a microcirculatory trait [3] .
Nephrolithiasis represents a non-vascular process of unwanted calcification associated with substantial morbidity and high recurrence rates [4] . MGP is expressed in the kidney, where it directly binds to crystals [5] . Two case-control studies found an association between nephrolithiasis and genetic variation in the MGP gene [6, 7] . In rat models of nephrolithiasis, lack of MGP expression was associated with crystal formation in injured renal tubules [8] , whereas its expression was upregulated in response to calcium oxalate [8, 9] . In the FLEMENGHO cohort [2] , we tested the hypothesis that VK deficiency as reflected by circulating dp-ucMGP levels might be associated with the prevalence and incidence of nephrolithiasis. To test causality, we used genetic variation in the MGP gene as the instrumental variable.
M A T E R I A L S A N D M E T H O D S

Study population
FLEMENGHO complies with the Helsinki Declaration for research in human subjects [10] . The ethics committee of the University of Leuven approved the study. As described in previous publications [11, 12] , from August 1985 to November 1990, a random sample of the households living in a geographically defined area of Northern Belgium was investigated with the goal to recruit an equal number of participants in each of six subgroups by sex and age (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) and !60 years). All household members ! 20 years of age were invited, provided that the quota in their sex-age group had not yet been satisfied. From June 1996 until January 2004, recruitment of families continued using the former participants (1985) (1986) (1987) (1988) (1989) (1990) as index persons and also including teenagers. The participation rate at enrolment was 78.0%. The participants were repeatedly followed up. In all study phases, we used the same standardized methods to measure clinical and biochemical variables, administer questionnaires and determine the incidence of fatal and non-fatal outcomes [11, 12] . At each contact, participants gave or renewed informed written consent.
Of 3343 enrolled participants, 2947 had serum and plasma samples and aliquots of 24-h urine collections available in the FLEMENGHO biobank. (Figure 1 ). Of the remaining 2947 participants, 969 were not eligible for analysis because, as adolescents <18 years of age, they were at very low risk of nephrolithiasis [13] [14] [15] (n ¼ 184) or because dp-ucMGP (n ¼ 540) or required covariables [serum calcium (n ¼ 141), serum uric acid (n ¼ 60) or 24-h urinary calcium (n ¼ 44)] had not been measured. We excluded a further 230 participants because they were on warfarin at the time of the dp-ucMGP measurement (n ¼ 12), because their dp-ucMGP level was more than 3 standard deviations (SDs) of the population mean (n ¼ 13), because their 24-h urine collection was inaccurate according to previously published criteria (n ¼ 39) [16] , or because they had been lost to follow-up (n ¼ 166). Thus the number of participants statistically analysed totaled 1748, of which 1466 had their MGP genotype determined and were included in the Mendelian randomization analysis.
Measurements at baseline
In the current study, baseline refers to the date on which blood was sampled for measurement of dp-ucMGP. Trained nurses measured blood pressure after participants had rested for at least 5 min in a seated position. Blood pressure was the average of five consecutive auscultatory readings obtained with a standard mercury sphygmomanometer. Hypertension was a blood pressure of at least 140 mmHg systolic or 90 mmHg diastolic or the use of antihypertensive drugs. The nurses also administered questionnaires inquiring into each participant's medical history, smoking and drinking habits and intake of medications. Body mass index (BMI) was weight in kilograms divided by height in meters squared.
Participants collected a 24-h urine sample in wide-neck polyethylene containers for measurement of volume, creatinine, sodium, potassium and calcium. Within 2 weeks of the urine collection, at the time of the clinical examination, a venous blood sample was obtained after the participants had been fasting for 6-8 h. Blood samples were analysed for serum creatinine, total calcium, magnesium, uric acid, c-glutamyltransferase (index of alcohol intake) and plasma glucose, using automated methods in certified laboratories. Estimated glomerular filtration rate (eGFR) was derived from serum creatinine, according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [17] . We staged CKD according to the National Kidney Foundation [Kidney Disease Outcomes Quality Initiative (KDOQI)] guideline [18] as eGFR !90, 89-60, 59-30, 29-15 and <15 mL/min/1.73 m 2 for stages 1, 2, 3, 4 and 5, respectively. dp-ucMGP was measured using enzyme-linked immunosorbent assay (ELISA) kits at VitaK (Maastricht University, Maastricht, The Netherlands) [19] . The concentration of dp-ucMGP was assessed using the inaKtif MGP iSYS kit (Immunodiagnostic Systems, Boldon, UK), which is a dual-antibody test based on the sandwich ELISA developed by VitaK. In a previous study we demonstrated that our MGP assay was not sensitive to long-term storage of the plasma samples [3] .
Genotyping MGP (4738 base pairs) maps to a genomic area on chromosome 12 (p13.1-p12.3) characterized by high linkage disequilibrium (Supplementary data, Figure S1 ). We selected four tagging single-nucleotide polymorphisms (SNPs; rs2098435, rs4236, rs1800802 and rs2430692) that are in high linkage disequilibrium (r 2 > 0.80) with 223 other SNPs covering the entire gene with extension into the 3 0 and 5 0 flanking regions (Supplementary data, Tables S1 and S2). After DNA extraction from peripheral blood [20] , SNPs were genotyped using the TaqMan OpenArray Genotyping System (Life Technologies, Foster City, CA, USA). All DNA samples were loaded at 50 ng/mL and amplified according to the manufacturer's instructions. For analysis of the genotypes, we used autocalling methods as implemented in the TaqMan Genotyper software version 1.3 (Life Technologies). Next, genotype clusters were evaluated manually with the call rate set at >0.90. Sixteen duplicate samples gave 100% reproducibility for the four MGP SNPs. The overall call rate was 98%.
Ascertainment of events
At annual intervals we ascertained the vital status of all participants via the National Population Registry (Brussels, Belgium). We obtained the International Classification of Disease codes for the immediate and underlying causes of death from the Flemish Registry of Death Certificates. For 1748 participants followed up until 10 March 2016, we collected information on the incidence of non-fatal endpoints, including nephrolithiasis, via one or more structured telephone interviews (n ¼ 324), via contact with the participant's general practitioner (n ¼ 992) or via face-to-face follow-up visits with repeated administration of the same standardized questionnaire as was used at baseline (n ¼ 1487). The number of face-to-face followup visits was one in 616 participants, two in 371, three in 329 and four or more in 171 participants. Starting from October 2014, after we had obtained ethical clearance, we also consulted the digital medical records of ambulatory and hospitalized patients receiving care at the University Hospitals Leuven or at three regional hospitals located in the catchment area of the study. This generated additional information on non-fatal outcomes in 1174 study participants (67.2%). In 1388 participants, confirmatory information on non-fatal outcomes was available from two or more of the aforementioned sources. Trained nosologists used the International Classification of Diseases to code nephrolithiasis. Investigators (A.H., T.K. and J.A.S.) blinded with regard to the dp-ucMGP levels adjudicated all prevalent, recurrent and incident nephrolithiasis cases against the medical records of general practitioners or hospitals up to 10 March 2016. Cases were symptomatic patients with nephrolithiasis or ureterolithiasis, who often had been hospitalized for diagnosis and treatment or were followed up in day care. None of the cases rested on incidental findings in asymptomatic patients. We did not include bladder stones in the study endpoint.
Statistical analysis
For database management and statistical analysis, we used the SAS system, version 9.4 (SAS Institute, Cary, NC, USA). Significance was a two-tailed a-level of 0.05. Means and proportions were compared using the large-sample z-test or analysis of variance and Fisher's exact test, respectively. We normalized the distributions of dp-ucMGP and c-glutamyltransferase by a logarithmic transformation.
We computed relative risk in relation to dp-ucMGP using multivariable-adjusted logistic and Cox regression as appropriate in cross-sectional and prospective analyses, respectively. The characteristics considered as covariables were sex, age, BMI, mean arterial pressure, serum total calcium, magnesium, uric acid, c-glutamyltransferase (marker of alcohol consumption), total cholesterol, plasma glucose, 24-h urinary volume, sodium, potassium, calcium, smoking and antihypertensive drug treatment by main drug classes, i.e. diuretics (thiazides [21] , loop diuretics and aldosterone antagonists), renin-angiotensin system inhibitors (b-blockers, angiotensin-converting enzyme inhibitors and angiotensin II type 1 receptor blockers) and vasodilators (calcium channel blockers and a-blockers). As reported previously [22] , the covariables retained for adjustment were sex, age and the 24-h urinary volume and calcium excretion. In addition, we computed a propensity score as the dp-ucMGP level predicted by other covariables of potential physiological relevance, including BMI, mean arterial pressure, plasma glucose, serum total cholesterol and creatinine, intake of thiazides and a history of diabetes mellitus. Because thiazide diuretics reduce urinary calcium excretion [21] , we only included this class of diuretics in the propensity score.
We tested the Hardy-Weinberg equilibrium in unrelated participants, using the exact statistics available in the PROC ALLELE procedure of the SAS package. To assess the causality of the association between the prevalence of kidney stones and dp-ucMGP, we applied a Mendelian randomization approach using the MGP genotypes as instrumental variables. Mendelian randomization is a method that allows testing for a causal effect in observational data in the presence of confounding factors by using genetic variants that are a proxy for environmentally modifiable exposures as instruments [23] . While accounting for family clusters in a two-stage least square procedure [2] , we first predicted log dp-ucMGP from sex, age, 24-h urinary calcium and volume and the genetic variants of MGP using the PROC MIXED procedure. In the second step, we regressed the risk of nephrolithiasis on the dp-ucMGP levels predicted in the first step, using the PROC GENMOD procedure. The Mendelian
randomization approach controls for unmeasured confounders and reverse causality that may distort the directly assessed association between outcome and the exposure of interest (measured dp-ucMGP) [24] . We assessed the strength of the a priori defined instrumental variables, the MGP genotypes, using the F-statistic [25] .
R E S U L T S
Characteristics of participants
All 1748 participants ( Figure 1 ) were white Europeans, of whom 893 (51.1%) were women. The study population consisted of 279 singletons and 1469 related subjects, belonging to 318 single-generation families and 155 multigeneration pedigrees. Age averaged (6SD) 46. . Among all participants, 541 (31.0%) had hypertension, of whom 295 (54.5%) were on antihypertensive drug treatment, 438 participants (25.1%) reported smoking and 762 (43.6%) reported alcohol intake. Table 1 lists the characteristics of participants by tertiles of the distribution of dp-ucMGP. Across increasing categories of dp-ucMGP, more participants had hypertension or diabetes mellitus or were on antihypertensive drug treatment
increased with higher categories of dp-ucMGP (P 0.005). According to the KDOQI criteria [18] Across increasing categories of dp-ucMGP (Table 2) , eGFR decreased (P < 0.001) and the prevalence of CKD increased (P < 0.001).
Prevalence of nephrolithiasis
None of the other covariables was different between participants with kidney stones and participants without kidney stones. The Table 1 . Baseline characteristics of participants by tertiles of the dp-ucMGP distribution
Characteristics
Category of dp-ucMGP (lg/L) P-value Baseline refers to the date of blood collection for dp-ucMGP measurement. To convert dp-ucMGP from lg/L into pmol/L, multiply by 94.299. Hypertension was a blood pressure of !140 mmHg systolic or !90 mmHg diastolic or the use of antihypertensive drugs. Diabetes mellitus was a fasting glucose level >126 or a random glucose level >200 mg/dL (7.0 or 11.1 mmol/L, respectively), or the use of antidiabetic agents. P-values denote the significance of the difference in prevalence or means across tertiles of the distribution of dp-ucMGP. Significance of the difference with the adjacent lower tertile: *P 0.05, **P 0.01, ***P 0.001.
covariables retained in the stepdown logistic regression procedure were sex, age and 24-h urinary volume and calcium excretion. The mutually adjusted odds ratios (ORs) were 0. Table 3 , the OR expressing the crude risk of nephrolithiasis associated with a doubling of dp-ucMGP was 1.50 (95% CI 1.21-1.85; P < 0.001). With adjustments applied for sex, age and 24-h urinary volume and calcium excretion (Table 3 ), the OR was 1.31 (95% CI 1.04-1.64; P ¼ 0.022). In a model additionally adjusted for a propensity score generated from BMI, mean arterial pressure, plasma glucose, serum total cholesterol and creatinine, use of thiazide and a history of diabetes mellitus, the OR was 1.29 (95% CI 1.02-1.62; P ¼ 0.035).
Incident and recurrent nephrolithiasis
Over a median follow-up of 12.0 years (5th-95th percentile interval: 1.4-18.1 years), 37 patients (10 women and 27 men) experienced incident (n ¼ 16) or recurrent (n ¼ 21) nephrolithiasis. Face-to-face follow-up visits, telephone interviews, medical records held by general practitioners or hospitals or a combination of these sources identified 6 (37.5%), 0, 1 (6.2%), 12 (75.0%) and 3 (18.8%) of 16 patients with incident nephrolithiasis. For the 21 cases of recurrent nephrolithiasis, these numbers were 14 (66.7%), 1 (4.8%), 6 (28.6%), 11 (52.4%) and 8 (38.1%), respectively. The overall incidence rate was therefore 1.91 per 1000 person-years of follow-up (95% CI 1.29-2.53). Figure 2 shows the sex-and age-adjusted cumulative incidence of nephrolithiasis by tertiles of dp-ucMGP distribution. Compared with the low tertile, the incidence was slightly higher in the middle tertile (P ¼ 0.11) and significantly higher (P ¼ 0.007) in the top tertile of the dp-ucMGP distribution.
The hazard ratio (HR) expressing the crude risk of recurrent combined with incident nephrolithiasis (n ¼ 37) associated with a doubling of dp-ucMGP was 2.21 (95% CI 1.50-3.27; P < 0.001; Table 3 ). In adjusted and fully adjusted models, these HRs were 2.48 (95% CI 1.71-3.61; P < 0.001) and 2.46 (95% CI 1.68-3.60; P < 0.001), respectively. The adjusted and fully adjusted HRs derived for the 16 participants with a first episode of nephrolithiasis were 2.41 (95% CI 1.44-4.04; P < 0.001) and 2.41 (95% CI 1.43-4.06; P ¼ 0.001), respectively.
Mendelian randomization study
In 536 unrelated founders, the four SNPs covering the entire MGP gene (Supplementary data, Tables S1 and S2 and Figure  S1 ) complied with Hardy-Weinberg equilibrium (P ! 0.34; Supplementary data, Table S3 ). While accounting for family clusters and with adjustments applied for previously identified covariables [2] , including age, BMI, smoking and drinking (Supplementary data, Table S4 ), dp-ucMGP was significantly Table 2 . Renal function by tertiles of the dp-ucMGP distribution
Characteristics
Category of dp-ucMGP (lg/L) P-value 4 and 5, respectively. P-values denote the significance of the difference in prevalence or means across tertiles of the dp-ucMGP distribution. Significance of the difference with the adjacent lower tertile: *P 0.05, **P 0.01, ***P 0.001. Odds ratios express the risk of the prevalent nephrolithiasis and hazards ratios the risk of incident nephrolithiasis associated with a doubling of dp-ucMGP. Prevalence includes 144 participants with a history of nephrolithiasis at baseline. Incidence includes 21 patients with recurrent nephrolithiasis and 16 with a first episode of nephrolithiasis. Adjusted models accounted for sex, age and 24-h urinary volume and calcium excretion. Fully adjusted models additionally accounted for a propensity score generated from BMI, mean arterial pressure, plasma glucose, serum total cholesterol and creatinine, use of thiazides and a history of diabetes mellitus.
.001) associated with rs2098435, rs4236 and rs2430692 in 1466 participants with available MGP genotypes. Major allele carriers had higher levels, whereas there was no association between dp-ucMGP and rs1800802 (P ¼ 0.21). The F-statistics for rs2098435, rs4236 and rs2430692 were 24.5, 26.0, and 30.4, respectively. These SNPs explained 1.13, 1.24 and 1.60% of the variance in dp-ucMGP. Sensitivity analyses in 536 unrelated founders were confirmatory (Supplementary data, Table S4 ). In a model adjusted for sex, age and 24-h urinary volume and calcium excretion, the causal OR relating the prevalence of nephrolithiasis (n ¼ 144) to the instrumental variable was 3.82 (95% CI 1.15-12.7; P ¼ 0.029). In a sensitivity analysis with the 16 new cases added, the causal OR was 3.79 (95% CI 1.29-11.2; P ¼ 0.016).
D I S C U S S I O N
We hypothesized that MGP plays a role in the pathogenesis of kidney stones and that the risk of nephrolithiasis increases with VK shortage, as exemplified by higher plasma levels of dp-ucMGP. Our key findings can be summarized as follows: (i) for a doubling of dp-ucMGP, the odds of nephrolithiasis increased by 31% in the cross-sectional analysis; (ii) the Mendelian randomization analysis suggested that this association was causal and (iii) in the longitudinal analysis spanning 12 years of follow-up (median), the risk of having recurrent or new nephrolithiasis increased 2.5-fold for a doubling of the baseline dp-ucMGP level. To our knowledge, our current study is the first population survey assessing the risk of nephrolithiasis in relation to dp-ucMGP, a biomarker of VK status [1] . In a randomized controlled trial, supplementation with VK 2 180 lg daily compared with placebo reduced plasma dpucMGP by 50% [26] .
Several of our observations are in line with the literature and support the validity of our study endpoint. In the USA, the prevalence of nephrolithiasis is 8.8% [27] and the annual incidence is 0.5% [28] . In our current study, these estimates were of similar magnitude: 8.2 and 0.2%, respectively. Second, nephrolithiasis is more common in men than women throughout most of adult life except in the sixth decade, when the incidence decreases in men, but increases in women [4] . In our study, women had a 32% lower risk of prevalent kidney stones than men. The most important pathophysiological factors for calcium nephrolithiasis are low urinary volume and hypercalciuria [4] . In our study, 1 SD increments in 24-h urinary volume and calciuria at baseline were associated with 25% lower and 47% higher risk of nephrolithiasis, respectively.
Several experimental studies support our current epidemiological observation of an association between kidney stones and MGP [8, 9, 29, 30] . Gao et al. [9] exposed cultured renal tubular cells (NRK-52E) to oxalate and to calcium oxalate monohydrate crystals. Within 3 h after exposure to calcium oxalate monohydrate, the MGP mRNA levels increased !70-fold, whereas in the presence of the non-crystalline oxalate MGP, mRNA expression time-dependently rose, reaching a maximum of a 20-fold increase after 24 h. Khan et al. [29] replicated the aforementioned findings using Madin-Darby canine kidney tubular cells. Immunohistochemical studies by the same authors demonstrated that in hyperoxaluric Sprague Dawley rats, renal tubular epithelial cells exposed to oxalate or calcium oxalate expressed MGP and that the endothelium of the peritubular microvessels participated in MGP generation. Along similar lines, Lu et al. [8] reported that in hyperoxaluric Sprague Dawley rats, MGP is polarly expressed at the apical membrane of tubular epithelial cells in the ascending thick limbs of Henle's loop and the distal convoluted tubule and in stone-forming rats also in the medullary collecting duct. Multilaminated crystals developed in injured renal tubules that lacked MGP expression [8] . Goiko et al. [30] synthesized peptides corresponding to the phosphorylated and c-carboxylated sequences of human MGP in both posttranslationally modified and non-modified forms. Depending on the amino acid sequence, these peptides inhibited nucleation, growth or both of hydroxyapatite and calcium oxalate monohydrate crystals.
Association studies linking kidney stones to genetic variation in MGP support the causality inferred from our Mendelian randomization study [6, 7] . In 122 Japanese patients with kidney stones and 125 controls, Gao et al. [6] investigated 19 SNPs in MGP, including rs4236 and rs1800802. Compared with minor allele rs4236 carriers (G; prevalence 24.3%), major allele homozygotes (AA; prevalence 75.7%) had a 1.82-fold increased risk of kidney stones (95% CI 1.00-3.22; P ¼ 0.047). In contrast, rs1800802 was not associated with the risk of nephrolithiasis (P ¼ 0.56). In keeping with this case-control study [6] , we noticed that the A allele of rs4236 was associated with higher levels of inactive dp-ucMGP, whereas such association was not present for the T/C (major/minor allele) polymorphism at rs1800802 (Supplementary data, Table S4 ). In a Chinese study of 354 cases and 374 controls, Lu et al. [7] confirmed that the risk of nephrolithiasis was associated with rs4236, but not with rs1800802. Compared with minor allele rs4236 carriers FIGURE 2: Sex-and age-adjusted cumulative incidence of nephrolithiasis by tertiles of the distribution of dp-ucMGP. P-values refer to the differences between the low and the middle and top tertiles of dp-ucMGP distribution. Vertical lines denote the standard error. The median follow-up was 12.0 years.
N e p h r o l i t h i a s i s a n d m a t r i x G l a p r o t e i n (G; prevalence 29.8%), major allele homozygotes (AA; prevalence 70.2%) had a 1.39-fold (95% CI 1.01-1.92; P ¼ 0.042) increased risk of kidney stones. SNP rs4236 is located in exon 4 of the human MGP gene. Substitution of A by G leads to an amino acid change from threonine to alanine in the COOH terminus of MGP (Arg-Lys-Arg-Arg-Gly-Thr-Lys) and, because of the ensuing alteration in charge or conformation, probably affects the post-translational modification or function of MGP [6] .
Calcareous stones are by far the most common kidney nephroliths, accounting for >80% of cases [4, [31] [32] [33] . Among 2800 patients examined at a renal stone clinic in Southampton [34] , most stones were calcium oxalate (89%), with a 1:4 ratio of calcium oxalate to mixed calcium oxalate phosphate stones. Pure calcium phosphate stones were rare (2%). In Sweden, $85% of all stones formed in the urinary tract could be classified as calcium stones, including calcium oxalate and calcium phosphate [35] . These observations suggest that active MGP might prevent nephrolithiasis by inhibition of the deposition of calcium crystals. From a mechanistic viewpoint, another line of research to be pursued is to what extent other VK-independent mechanisms might protect against nephrolithiasis and make up for a deficit in activated MGP. Osteopontin (OPN) is expressed in the human kidney [36] , does not require VK for its activation and inhibits the formation of insoluble calcium salts [37, 38] . Hyperoxaluric mice upregulate OPN expression in response to intratubular deposition of calcium oxalate [37] . Mice deficient in MGP alone (MGP À/À OPN þ/þ ) develop arterial calcification with upregulation of OPN expression in calcified arteries, whereas mice lacking both MGP and OPN (MGP À/À OPN À/À ) showed accelerated and enhanced medial calcification [38] . In contrast, according to the US Food and Drug Administration (www.ehealthme.com/ds/warfarin%20sodium/kidney %20stones), the incidence of kidney stones on treatment with warfarin is as low as 0.27% and therefore of the same order of magnitude as observed in the general population [28] . Nephroliths in patients on anticoagulant therapy are more likely to be haematin rather than calcium stones [39] .
Our current study should be interpreted within the context of its possible limitations. First, although in line with the literature [4, 28] , the number of incident cases in our study was relatively small. However, even with this small number of incident cases, the association of incident nephrolithiasis was strong, with a more than 2-fold increase in the risk with a doubling of the baseline dp-ucMGP level. Moreover, the cross-sectional analysis with 144 participants with kidney stones was concordant. Second, in the Mendelian randomization analysis, we used four SNPs in the MGP gene. The current literature does not provide much information on the frequency and functionality of these genetic markers in ethnic groups different from white Flemish (Supplementary data, Table S4 ), Japanese [6] or Han Chinese [7] . In spite of the consistency in the allelic frequencies of rs4236 and rs1800802, our current genetic results should be extrapolated to other ethnicities with caution.
Notwithstanding these potential limitations, our current observations highlight potentially important clinical implications. The literature shows an association of CKD with nephrocalcinosis [40] or nephrolithiasis [41] [42] [43] . In a study conducted at the University Hospitals Leuven, the prevalence of nephrocalcinosis in kidney donors and in patients with CKD stages 1, 2, 3-4 and 5 amounted to 4.6, 14.3, 20.2 and 54.0%, respectively [40] . In multivariable-adjusted analyses of the Third National Health and Nutrition Examination Survey, estimated eGFR in stone formers with a BMI of !27 kg/m 2 was 3.4 mL/min/1.73 m 2 lower than that of similar non-stone formers (P ¼ 0.005), whereas such an association was not found among leaner individuals [41] . The authors attributed their observations to changes in acid-base and mineral metabolism [40] or to decreased renal function [40] . As highlighted by the data in Table 2 , we propose that VK deficiency might be the mechanism linking CKD and nephrolithiasis, either by protection of the renal microcirculation [3] or by other unknown mechanisms. This hypothesis might be relevant in view of the high recurrence rate of nephrolithiasis [14, 44] . Ferraro et al. [44] systematically reviewed the recurrence of idiopathic calcium kidney stones in 2168 patients enrolled in 21 randomized controlled trials [median follow-up 3.2 years (range 0.5-9.7)]. They reported that the median recurrence of kidney stones was 15 per 100 personyears (range 0-110) [44] . The recurrence of nephrolithiasis entails substantial costs [15] , in particular in middle-aged economically active people, and is associated with a high risk of cardiovascular events [45, 46] . Finally, more than one-third of our study participants had a dp-ucMGP level higher than optimal for the prevention of macrovascular complications (4.6 lg/L) [2] . Our findings therefore suggest that increasing the dietary intake of VK, either by supplementation or by increasing the intake of nutrients rich in VK, such as leafy vegetables and fermented foods [47] , might prevent the formation of kidney stones. To translate our present findings into clinical application, a randomized clinical trial of VK substitution to prevent stone recurrence is a research priority. It would also test the causality suggested by our Mendelian randomization analysis. The three key assumptions underlying a Mendelian randomization analysis [23] were met: (i) the phenotype (dp-ucMGP) was associated with the instrumental variables (MGP genotypes), (ii) the MGP genotypes were not associated with the confounders (Supplementary data, Table S5 ) and (iii) and the instrumental variable (MGP genotypes) should only be related to the outcome under study (nephrolithiasis) through its association with the phenotype (dp-ucMGP). However, in addition to violation of the key assumptions, the instrumental variables might be weak, leading to imprecise biased estimates or decreased power. In our current analyses, the F-statistics relating plasma dp-ucMGP levels to the three SNPs in MGP were highly statistically significant, although the explained variance ranged from 1.13 to 1.60%. F-values >10 signify sufficient strength to ensure the validity of the instrumental variable [48] .
In conclusion, higher levels of inactive dp-ucMGP are associated with the risk of nephrolithiasis. This association might be causal, as evidenced by our Mendelian randomization analysis and by previously published genetic association studies [6, 7] . Further studies should clarify the underlying molecular pathways and substantiate the speculation that VK supplementation might promote renal health by reducing the risk of nephrolithiasis.
